Introduction
Glyphosate (N-(phosphonomethyl) glycine) is a highly effective herbicide that inhibits 5-enolpyruvyl shikimate 3-phosphate synthase (EPSPS), an enzyme of the shikimate pathway that is necessary to synthesize aromatic amino acids and other aromatic components in higher plants, algae, bacteria and fungi [1] . The herbicidal action is generated by chelating manganese required in the reduction of the flavin mononucleotide (FMN) co-factor of EPSPS [2] . Glyphosate is the most extensively used herbicide worldwide. The intensive use of glyphosate has led to its wide-spread contamination of different ecosystems where it influences plants, microorganisms, animals and many components of the food chain. Moreover, glyphosate and its primary metabolite aminomethylphosphonate (AMPA) have been detected in immature seed [3] , harvested seeds [4] and ground water [5] . There are differing opinions about the safety of this herbicide because long-term toxicology studies have not been conducted and the EPSPS enzyme is absent in humans and animals [6] . However, inhibition of EPSPS is not the only activity of glyphosate in warm blooded animals. Other inhibited pathways are reported such as Cyp450 aromatase inhibition, genotoxic activity [7] , teratogenic activity [8] and trace element chelation [9] [10] [11] . Also glyphosate could disturb the normal gut bacterial community [12, 13] . Some in vitro investigations with glyphosate have verified its cytotoxic effects on different cells at very low, sub-agricultural concentrations [14] [15] [16] . In a long-term investigation, Seralini and coworkers [17] reported significantly higher mammary tumor rates in female rats drinking glyphosate at 1 ppb, a very low concentration. Marked and severe kidney nephropathies and liver congestion were also reported. In the present study, we investigated 30 cows at each of eight farms to evaluate relationships between regular intake of glyphosate in feed of dairy cows, as measured by excretion in urine, and changes in serum biochemistry, especially enzymes indicative of cytotoxicity such as alkaline phosphatase (AP), creatinine kinase (CK), glutamate dehydrogenase (GLDH), glutamate oxaloacetate transaminase (GOT); parameters demonstrating nephrotoxicity (urea, creatinine); a lipid pathway parameter (cholesterole); as well as the trace elements copper (Cu), cobalt (Co), manganese (Mn), selenium (Se), and zinc (Zn).
Material and Methods

Animals
Thirty cows (15 fresh calving, 15 high yielding cows) at each of eight Danish farms were investigated. More details are shown in Table  1 . The age of these animals ranged from 4 to 7 years with an average body weight of 550-600 Kg.
Glyphosate testing of urine
Urine samples were diluted 1:20 with distilled water (aqua distillated, Braun, Germany) and tested for glyphosate by ELISA (Abraxis, USA) according to the manufacturer's instructions. Test validation was done with Gas Chromatography-Mass Spectroscopy (GC-MS) by Medizinische Labor (Bremen, Germany). The correlation coefficient between the two tests was 0.96 (Data not shown).
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Total number of cows Average milk yields kg/cow 
Investigation of blood serum for selected enzymes, electrolytes, and substrates
Blood serum parameters indicative of cytotoxicity (AP, GLDH, GOT, CK), nephrotoxicity, (urea, creatine), cholesterol and the trace elements (Mn, Co, Se, Cu, Zn) were analyzed by an accredited veterinary diagnostic laboratory (BioCheck GmbH, Holzhausen, Germany). 
Statistical analysis
Results
Glyphosate levels in urine
All investigated cattle excreted glyphosate in their urine but in different amounts ( Figure 1 ). Animals at farm B excreted significantly more glyphosate than cows at the other farms. Significant differences were also seen between farms K and R compared to farm E (p<0.001).
Blood serum enzymes
The mean levels of GLDH, GOT, CK, AP, cholesterol, creatinine and urea, the urea/creatinine quotient of the eight farms and the linear functions between glyphosate and creatinine as well as between urea and glyphosate of all investigated animals are presented in Figures 2-6. The mean GLDH level of cows at farms K, R, T, B and E were above the normal reference level ≤ 30 U/L ( Figure 2 ). There were no significant differences between the farms but there were animals with a very high GLDH level at all farms. The means of GOT levels of cows at all farms were high with significant differences observed between farm T and B as well as farms T and K relative to farm W ( Figure 2 ). The mean of AP levels were in the reference range although cows at farm B had very low AP (Figure 2 ). Also the CK levels were not significantly different between the eight farms, but all mean levels were excessive and indicate damage of muscle cells (Figure 2 ).
Cholesterol, creatinine and urea
The mean levels of cholesterol in blood serum were higher than the postulated reference level (Figure 3 ). Also the means of urea levels ( Figure 4 ) at farms K, R, V, and S were above reference (level 30 mg/ dL). Significant differences between the farms were observed (p< 0.001). High urea levels were correlated with the excretion of high glyphosate concentrations in urine (R=0.72) (Figure 4 ). Furthermore high creatinine in blood was correlated with low glyphosate excretion ( Figure 5 ). Linear function was found between glyphosate in urine (ng/ mL) and creatinine (mg/dL) in blood serum of cows at eight Danish farms (R= -0.65). Significant differences (p< 0.001) of blood serum urea/creatinine ratio were seen between different farms.
Trace elements
Trace elements as Co and Mn were far below the reference level at all farms ( Figure 6 ). Se and Cu blood serum levels of cows at all farms were within the reference range. Zn levels were excessive in cows at farms K, R, S and B with significant differences seen between the farms.
Correlation between blood serum parameters and glyphosate
Significant correlations between the blood serum parameters and glyphosate levels in urine of all cows are shown. Glyphosate is positively correlated with CK (R=0.135) and Zn (R=0.175), and negatively with Se (R=-0.188). The only high negative trace nutrient correlation was between glyphosate and Co (R= -0.403). Positive correlations were high between GLDH and GOT (R=0.425), urea and GOT (R= 0.314), urea and cholesterol (R= 0.480), Zn and Co (R=0.809), Co and Se (R=0.403), cholesterol and Se (R= 0.325); and Cu and Zn (R= 0.809).
Discussion
Farm animals such as high yielding dairy cows ingest concentrated feeds like soy, corn, and other grains contaminated with the herbicide glyphosate. This contamination is especially high in genetically modified crops (GMO) with resistance to glyphosate or in those crops treated pre-harvest with glyphosate to desiccate grain or kill lateemerging weeds. This is the first report of glyphosate in the urine of dairy cows chronically contaminated with glyphosate in their feed. It is amazing that more papers are not published about glyphosate excretion by farm animals since there are many papers reporting the detection of glyphosate in urine of humans, mostly of farmers using this herbicide [18, 19] . Curwin and co-workers [19] analysed the urine of 118 children (66 farmers, 52 non-farmers) from Iowa farm and non-farm households. The estimated daily doses of glyphosate in the two groups were the same (farm children 0.013-0.34 μg/kg/day and non-farm children 0.037-0.33 μg/kg/day. A large quantity of GMO associated food is contaminated with glyphosate [6, 20] . Appendix II of the EU Commission of Health and Consumer Protection Directorate describes the metabolism of glyphosate after ingestion. About 30% of ingested glyphosate is absorbed, distributed in the body with low residues occurring in all tissues. Generally, accumulation is below 1% after seven days [21] . All cows in our study excreted glyphosate in their urine (Figure 1 ). Glyphosate levels differed between the farms, but cows at farm B excreted significantly more glyphosate than those at the other farms. This farm maybe feed high glyphosate residues in their feed or the animals at this farm had less kidney damage. The means of urea levels were within the reference range. Thus, assuming a daily urine excretion in cattle of 16-50 mL/kg body weight per day [22] and a minimal glyphosate excretion of 10.0 ng/mL at farm E; means between 0.096 to 0.300 mg glyphosate would be daily excreted (average body weight is 600 Kg ). In contrast, 103.3 ng/mL glyphosate was excreted in urine by cows at farm B. The estimated minimal and maximal glyphosate excretion levels in urine are 0.992 mg/day and 3.1 mg/day, respectively. As only about 30% of ingested glyphosate is absorbed and the other two-thirds must be excreted in feces [21] this means the expected glyphosate excretion in feces of tested cows is 2-6 mg daily. The Maximum Residue Level (MRL) for glyphosate in soy is 20 mg/kg [23] . Assuming that cows ingest two kg soy per day; they could ingest 40 mg glyphosate per day. This indicates that the excreted glyphosate we recovered is too low, glyphosate is being metabolized in the animal to AMPA, or the level of contamination is below the MRL. In order to identify where the rest is, we can calculate that about one third of ingested glyphosate can be absorbed, distributed in the body and excreted via kidneys. An unknown amount might be metabolized and some lost during the collection and processing steps for analysis. Feeds originating from genetically modified plants (GMP) like soy or corn contain glyphosate levels permitted by the European Food Safety Authority (EFSA) that are ingested daily to possibly induce chronic diet intoxication. In our investigation the increased level of the enzymes GLDH, GOT, and CK, and the lipid profile marker cholesterol in all cows as well as high urea levels from cows at half of the farms (Figures  2-6 ) point to livers, kidneys and muscles damage. El-Shenawy [24] reported that rats suffering from Roundup ® and glyphosate damage Trace elements in blood serum. The Co and Mn levels at all farms were far below the minimal reference level for nutrient sufficiency. Se levels in cows at all farms were within the Se reference range for nutrient sufficiency. Significant differences were seen between farm T with the highest level and the other farms (ab <0.001), and farm E with the lowest Se and the other farms, other than farm V (cd: p< 0.001). The average of Zn levels in cows on farms K, R, S and B were above the maximum reference level (150 µg/dL). All levels of Cu were within the reference range for nutrient sufficiency and significant differences were seen between animals on farm K and T (ab p< 0.001).
have leakage of the hepatic intracellular enzymes ALT, GOT, and AP suggesting irreversible damage of hepatocytes starting the first week after intraperitoneal Roundup® and glyphosate application. Also a significant increase of cholesterol and urea in blood serum of glyphosate or Roundup ® treated rats was observed. Roundup ® was characterized as a more probable antioxidant disruptor than the listed active ingredient itself (glyphosate). Exposure to sub-lethal concentrations of Roundup® promoted increased hepatic lipid peroxidation (LPO) and tumor necrosis factor alpha (TNF-α) that are typical responses to stress and inflammation [25] . Similar results were reported recently [26, 27] . Minor differences in enzyme responses of male and female rats receiving relatively large doses of Roundup ® were observed after 5 and 13 weeks. Similar chronic effects on enzymes were reported with small doses over 2 years. Alterations in kidney and liver function after ingestion of Roundup ® or GMO feed were reported [17, 27, 28] . The mean urea blood serum levels were above the reference levels of some farms. It is interesting to note that there is a positive linear relationship between urea and glyphosate excretion (Figure 4 ) even though the mean glyphosate level from cows of farm B was significantly higher than at all the other farms. Maybe the high excretion of glyphosate in urine of these cows is the result of good filtrations by kidneys. We observed a negative linear relationship between glyphosate in urine and creatinine in blood serum so that as the creatinine increased, the glyphosate in urine decreased ( Figure 5 ). The means of creatinine levels in cows at all farms were within the reference range. The glyphosate molecule grabs on to vital nutrients so they are not physiologically available. This process is called chelation and was actually the original property for which glyphosate was patented in 1964. In 1974 it was patented as an herbicide. When applied to crops, glyphosate deprives them of vital minerals necessary for healthy plant function-especially for resisting serious soil-born diseases. This also happens after ingestion of glyphosate in the body of animals and humans. Deficiency in trace elements like Mn, Cu, Zn, Se, Co, B, and Fe as well as macro elements like Mg, Ca, and others occur. Deficiencies of these elements in diets, alone or in combination, are known to interfere with vital enzyme systems and cause disorders and diseases [29] [30] [31] . The Co and Mn levels were much too low in all animals for proper function and immune response (in comparison with reference levels). This is a result of the strong chelating effect of glyphosate especially in chelating Co and Mn [30] [31] [32] . Correlations between glyphosate and blood serum parameters were significant for CK (R= 0.135), Se (R=-0.188) and Co (R= -0,403) and Zn (R=0,175). Correlations with the trace elements especially point to the influence of glyphosate on the health of cows.
Conclusion
All cows investigated at the eight Danish dairy farms excreted glyphosate in their urine at significant different amounts between the farms. We found increased blood serum levels of parameters indicative for cytotoxicity like GLDH, GOT, and CK and the lipid profile marker cholesterol in cows at all farms and high urea levels in half of the farm animals. Correlations between glyphosate and some of the measured blood serum parameters to CK (R= 0.135), Se (R=-0.188), Co (R= -0,403) and Zn (R=0,175) demonstrate that glyphosate is toxic to the normal metabolism of dairy cows. This study gives the first documentation to which extent Danish dairy cattle are exposed to glyphosate and its impact on different blood parameters.
